This open-label study investigated the effect of belatacept on cytokine levels and on the pharmacokinetics of caffeine, losartan, omeprazole, dextromethorphan and midazolam, as CYP probe substrates after oral administration of the Inje cocktail in healthy volunteers.
Introduction
Belatacept (Nulojix®; Bristol-Myers Squibb, Princeton, New Jersey) is a recombinant fusion protein and selective T-cell costimulation blocker indicated for the prevention of organ rejection in Epstein-Barr virus-positive kidney transplant recipients [4] . The protein consists of the modified extracellular domain of human cytotoxic T-lymphocyte antigen 4 fused to a portion of the constant-region fragment of human immunoglobulin G1, and binds to CD80 and CD86 [4] .
Drug interactions are an important consideration in the transplant setting due to widespread polypharmacy and the presence of age-related changes that increase the likelihood of drug-related adverse events [5] . The potential for drug interactions involving therapeutic proteins was not initially recognized, as therapeutic proteins, unlike many smallmolecule immunosuppressant drugs, are not metabolized by cytochrome P450 (CYP) enzymes [6] . However, it is now known that therapeutic proteins, which are proinflammatory cytokines or cytokine modulators (e.g. monoclonal antibodies) can alter CYP expression or function and thereby interact with drugs that are CYP substrates [7, 8] . Endogenous cytokines produced in response to infection and disease can downregulate transcription of specific CYP genes, and clinically relevant interactions have been reported when therapeutic cytokines such as interferon (IFN)-α are administered with drugs that are CYP substrates [6] . Conversely, therapeutic monoclonal antibodies may reverse cytokinemediated suppression of CYP in inflammatory diseases, leading to increased clearance of CYP substrates [6] . This has been demonstrated by reduced exposure to omeprazole and simvastatin in patients with rheumatoid arthritis treated with tocilizumab, an antibody that targets interleukin (IL)-6 [6, 9] .
The current Food and Drug Administration guidance on drug interaction studies recommends that therapeutic proteins that are cytokines or cytokine modulators be investigated to determine their effect on CYP enzymes or transporters [10] . Belatacept has been shown to inhibit production of certain cytokines during an in vitro alloimmune response, and modulation of cytokine pathways responsible for regulating CYP expression is a common means by which therapeutic proteins may influence CYP activity [8] . As the half-life of belatacept in healthy individuals approaches 10 days (t 1/2 = 9.8) [4] , a single administered dose could potentially affect CYP pharmacokinetics during this time period. However, the effect of therapeutic proteins on the pharmacokinetics of CYP-substrate drugs remains difficult to predict, and the mechanisms involved are poorly understood [6] . Assessing the risk of drug interactions requires consideration of the potential for either a direct mechanistic impact on CYP or an indirect interaction with CYP substrates which occurs as part of the disease [11] . During an in vitro alloimmune response, belatacept was found to inhibit the production of certain cytokines [4] , but the potential for belatacept to alter in vivo exposure to drugs that are CYP substrates has not been evaluated.
The effect of multiple drugs on CYP activities can be simultaneously studied in vivo using a cocktail probe approach [12] , but few such studies have been performed using therapeutic proteins. Here we report the novel methodology and findings of the first drug-drug interaction study to investigate the effect of belatacept on the pharmacokinetics of caffeine, losartan, omeprazole, dextromethorphan and midazolam. These substrates were administered orally and simultaneously to healthy volunteers as the Inje cocktail, a validated combination of sensitive probe substrates for identifying the in vivo enzyme activities of CYP1 A2, CYP2C9, CYP2C19, CYP2D6 and CYP3 A4, respectively [12] . The effect of belatacept on the pharmacokinetics of these probe substrates was evaluated multiple times following the infusion of belatacept. In this way, it was possible to study the extent of the interaction when concentrations were at peak as well as during the elimination of the drug. The safety and tolerability of coadministration of belatacept and the Inje cocktail was a secondary objective. The impact of belatacept administration on cytokine levels was an exploratory objective.
Methods

Conduct of the study
This open-label, nonrandomized, single-sequence study was registered with ClinicalTrials.gov (NCT01766050). Institutional Review Board/Independent Ethics Committee approval was obtained, and the study was conducted in accordance with Good Clinical Practice principles and the Declaration of Helsinki. All participants provided written informed consent.
Subjects
Eligible subjects were men and women aged 18-45 years with a body mass index of 18-30 kg m À2 , who were healthy as determined by medical history, physical examination, electrocardiogram (ECG) and clinical laboratory findings. Women of childbearing potential (and participating men with sexual partners in this category) were required to continue contraception for 90 days after the last dose of study medication. Exclusion criteria included known or suspected infection (or risk factors for developing infection), autoimmune disorders and a history or strong family history of malignancy. Prior exposure to belatacept, abatacept or leucocyte-depleting agents (e.g. rituximab) was prohibited. The washout period was 3 months for hormonal contraceptive agents; 4 weeks (or five half-lives, whichever was longer) for prescription drugs, St John's wort and live vaccine administration; 2 weeks for over-the-counter drugs and most herbal preparations; and 1 week for aspirin. Concomitant medications were not permitted during the study unless initiated by the investigator to treat adverse events. Subjects abstained from foods or beverages containing caffeine, as well as those known to inhibit or induce CYP1 A2, CYP2C9, CYP2C19, CYP2D6 or CYP3 A4 (Tables 1 and 2) . Table 3 summarizes the study sequence. Participants were admitted to a clinical pharmacology unit on Day À1 for screening and remained at the clinic until furlough on Day 12, subsequently returning for two follow-up visits. All subjects received the same drug regimen. In the morning on Days 1, 7 and 11, after fasting for at least 10 h, subjects were administered oral doses of the Inje cocktail, which consisted of caffeine (200-mg tablet), losartan (50-mg tablet), omeprazole (40-mg delayed-release capsule), dextromethorphan (30-mg capsule) and midazolam (5-mg oral syrup) as probe substrates for CYP1 A2, CYP2C9, CYP2C19, CYP2D6 and CYP3 A4, respectively. In the morning of Day 4, after fasting for at least 10 h, belatacept was administered as a single 10-mg kg À1 intravenous infusion over 30 min, closely followed (within approximately 5 min) by the Inje cocktail (same doses listed). Belatacept 10 mg kg À1 was selected because it is the dose that is approved for use in the initial phase after kidney transplant [4] . During dosing of the Inje cocktail, the oral dispenser used to administer midazolam was re-filled twice with 10 ml of water, and then administered to the subject. In addition, at the time of the Inje cocktail dosing, 240 ml of water was administered to the subject along with the study medication. A physician was on site each day of dosing and remained on site for at least 4 h after each midazolam dose. Compliance was assessed by mouth check. Table 4 details the Inje cocktail components and their metabolites, together with the relevant CYP subtype. Each drug in the Inje cocktail was sourced from a single commercially available lot.
Study design and treatment
Pharmacogenomics
Using a blood sample collected on Day À1, genotyping was performed for polymorphic CYP2C9, CYP2C19 and CYP2D6 to identify any poor metabolizers of the Inje cocktail components in an effort to guide data interpretation.
Pharmacokinetic analysis and study end points
Blood samples for serum belatacept pharmacokinetics were taken pre-and post-dose on Day 4 and on Days 5, 11 and 18. Blood samples for the assessment of plasma concentrations of the Inje cocktail components (caffeine, losartan, omeprazole, dextromethorphan and midazolam) and their metabolites (paraxanthine, E-3174, 5-hydroxyomeprazole, The primary end point was maximum serum concentration (C max ), area under the plasma concentration-time curve (AUC) from time zero to the time of last quantifiable concentration (AUC 0-t ), and AUC from time zero to infinity (AUC 0-∞ ) of each Inje cocktail component, with and without administration of belatacept. C max , AUC 0-t and AUC 0-∞ of the metabolites, as well as the molecular weight-corrected metabolite-to-drug ratio of these parameters, were secondary end points. Point estimates of the geometric mean ratios were calculated for the Inje cocktail components, the metabolites and metabolite-to-drug ratios to compare Days 4, 7 and 11 with Day 1, respectively, in the evaluable pharmacokinetic population.
All reported results for belatacept and the Inje cocktail data were conducted in compliance with applicable standard operating procedures in place at the time of the analysis. For the summaries of belatacept and the Inje cocktail plasma concentration-time data, concentrations that were less than the lower limit of quantification (LLOQ) were treated as missing in summary tables and plots. For pharmacokinetic calculations, predose concentrations and concentrations prior to the first quantifiable concentration that were less than the LLOQ were set to zero. All other concentrations less than LLOQ were set to missing.
Pharmacokinetics parameters were derived from plasma concentration vs. time data using noncompartmental analysis (WinNonlin® Professional Network Edition, Version 6.2.1; Pharsight Corp, St Louis, MO, USA).
Pharmacokinetic assay performance
A liquid chromatography and tandem mass spectrometry method was developed and validated to simultaneously determine the concentrations: of dextromethorphan; losartan and its major active metabolites, losartan carboxylic acid and E-3174; midazolam and 1′-hydroxymidazolam; omeprazole and its major active metabolite, 5-hydroxyomeprazole; and caffeine and its major active metabolite, 1,7-dimethylxanthine (paraxanthine) to support pharmacokinetic analyses. All reported results for caffeine, losartan, omeprazole, dextromethorphan, midazolam, paraxanthine, E-3174, 5-hydroxyomeprazole, dextrorphan and 1′-hydroxymidazolam concentrations in plasma were generated using appropriate calibration curves and quality control samples that met pre-established acceptance criteria and were conducted in compliance with applicable standard operating procedures in place at the time of analysis. A summary of assay performance for caffeine, losartan, omeprazole, dextromethorphan, midazolam, paraxanthine, E-3174, 5-hydroxyomeprazole, dextrorphan and 1′-hydroxy-midazolam concentrations in plasma is presented in Table 5 .
Exploratory biomarker analyses
Serum samples for measuring cytokine levels were collected on Days À1, 1, 4, 7, 11, 18, 32 and 46; samples were taken prior to dosing on Days 1, 4, 7 and 11. Tumour necrosis factor-α, IFN-α, IFN-γ, IL-2, IL-6 and IL-10 were quantified by a validated multiplex immunoassay on the Luminex platform. Whole-blood samples were collected on Days 1 (predose), 7 (predose) and 18.
Pharmacokinetic modelling of omeprazole accumulation
A physiologically based pharmacokinetic model of omeprazole and 5-hydroxyomeprazole was developed using SimCYP (v.13; Certara, St Louis, MO, USA). This model was developed after the initial clinical study and was used to evaluate the hypothesis that the observed increase in omeprazole AUC and observed decrease in 5-hydroxyomeprazole AUC m /AUC p were caused by omeprazole-mediated, time-dependent inhibition of its own CYP-mediated elimination rather than by belatacept. The same regimen of omeprazole used in the healthy volunteer study was used for the model, but excluded belatacept; this model predicted accumulation after repeated doses of omeprazole 40 mg alone on Days 1, 4, 7 and 11 for the study population. Full model development methodology and model parameter values are provided in the supplemental material. 
Safety
Safety and tolerability were secondary objectives. Blood and urine for haematology, chemistry and urinalysis assessment were collected at the screening; Days À1, 3, 6 and 10; and study discharge (Day 46 ± 2) visits. Subjects were required to fast (nothing to eat or drink except for water) for at least 10 h prior to specimen collection for clinical laboratory testing. All laboratory assessments were reviewed by the investigator prior to dosing on Day 1. The incidence of adverse events and significant laboratory abnormalities were recorded during the study, and changes in ECGs, vital signs and physical examinations were monitored.
Statistical methods
The sample size was not based on statistical power considerations. Data from 20 evaluable subjects were required to provide at least 90% confidence that the estimated ratios of the geometric mean values for AUC 0-∞ for each Inje cocktail component with and without belatacept for were within 20% of the true ratios (i.e. the 90% confidence interval [CI] for test/reference ratio would be between 0.80 and 1.25, given a true ratio of 1).
To estimate the effect of concomitant belatacept on each of the Inje component drugs, linear mixed models were fitted to log-transformed pharmacokinetic parameters. Point estimates and 90% CIs for treatment differences on the log scale were exponentiated to obtain estimates for Cmax, AUC 0-t and AUC 0-∞ ; ratios were calculated using the geometric means of the Inje cocktail ± belatacept (Days 4, 7 and 11) vs. the reference value (Day 1). No adjustments were made for multiple comparisons. Statistically significant differences were defined by the 90% CI for the geometric mean ratio falling below 0.80 or above 1.25. Table 1 shows the disposition of study participants. The study was conducted between January and April 2013 at a single centre in San Antonio, Texas. A total of 45 subjects were screened, 22 of whom met eligibility criteria and received at least one dose of study drugs. Eighteen subjects completed the study.
Results
Study population
Of the 22 subjects who received at least one dose of study drugs, 21 were male. The mean age was 31.5 years (range, 20-43), and the mean body mass index was 24.6 (range, 19.7-29.9). The majority was white (n = 15); seven were black/African American.
Pharmacogenomics analysis identified one subject who was a poor metabolizer of CYP2D6; this subject was excluded from the pharmacokinetic analyses of dextromethorphan and its metabolite, dextrorphan. Figure 1 presents the effect of belatacept on the pharmacokinetics of the Inje cocktail component drugs and their metabolites. Of the Inje cocktail drugs, only omeprazole showed a consistent increase in exposure following coadministration of belatacept.
Pharmacokinetics
The point estimates for the geometric mean ratios for maximum concentration (C max ) and AUC of omeprazole were approximately 16-30% higher following coadministration of belatacept and the Inje cocktail vs. the Inje cocktail alone; the upper bounds of the 90% CIs were all above 1.25 on Days 4, 7 and 11 ( Table 2 ). The pharmacokinetics of the metabolite 5hydroxyomeprazole were unchanged by belatacept coadministration, but there was a statistically significant reduction in the metabolite-to-parent ratios as a consequence of the increased exposure to omeprazole.
Belatacept did not alter the pharmacokinetics of caffeine ( Table 2 ) or its metabolite, paraxanthine. Geometric mean ratios for C max , AUC 0-t and AUC 0-∞ , were close to 1, and the 90% CIs were all within the equivalence range of 0.80 to 1.25 on Days 4, 7 and 11.
The pharmacokinetics of losartan, dextromethorphan, midazolam and their respective metabolites were generally comparable when the drugs were given with and without belatacept: geometric mean ratios approximated 1, and most 90% CIs were within 0.80 to 1.25, although in some instances the 90% CIs were slightly outside these boundaries ( Table 2 ). Exposure to losartan was comparable when administered with and without belatacept in terms of AUC, but C max increased by 8% to 16% in the presence of belatacept. Point estimates for the geometric mean ratios for C max were slightly above 1, and the upper bounds of the 90% CIs were above 1.25, which was consistent across 1.342] ). The apparent increase in losartan C max with belatacept administration may reflect the large variability associated with this parameter (56-68% coefficient of variation). Belatacept had no effect on the pharmacokinetics of the losartan metabolite, E-3174.
Geometric mean AUC ratios for dextromethorphan were close to 1, and 90% CIs were within the 0.80-1.25 range, except for the AUC 0-∞ ratio on Day 4, which was 0.877 (0.783, 0.982; Table 2 ). For C max , the geometric mean ratios showed a decrease of 8% to 14%; all ratios were slightly below 1, and the lower bounds of the 90% CIs were below 0.80: Day 4, 0.863 (0.746, 0.997); Day 7, 0.922 (0.793, 1.071); and Day 11, 0.856 (0.709, 1.034). The pharmacokinetics of the metabolite dextrorphan showed minor deviations from equivalence; for the metabolite-to-parent ratios, the deviations in the 90% CIs from the limits of equivalence were <16%.
No clinically relevant drug interaction was observed for midazolam. The point estimates for the geometric mean ratios for C max and AUC of midazolam approximated 1, and the respective 90% CIs fell within the 0.8-1.25 limits. Minor deviations from equivalence criteria were observed for its metabolite, 1′-hydroxy-midazolam; these deviations from the limits of equivalence were <10%. The increases of 14% to 19% observed for the point estimates for C max and AUC of the metabolite on Day 11 were not considered clinically relevant. In addition, for the metabolite-to-parent AUC 0-t ratio, the upper bound of the 90% CIs exceeded 1.25 on Day 7 (1.160 [1.059, 1.272]) and Day 11 (1. 153 [1.033, 1.287]) ; for the metabolite-to-parent AUC 0-∞ ratio, the upper bound of the 90% CIs also exceeded 1.25 on Day 7 (1.150 [1.048, 1.261]) and Day 11 (1. 145 [1.026, 1.278] ). These deviations were considered minor and not clinically relevant.
Figure 1
Effect of belatacept on the pharmacokinetics of (A) the Inje cocktail components, (B) the Inje cocktail metabolites and (C) metabolite-to-parent ratios. Belatacept was administered on Day 4 and the Inje cocktail was administered on Days 1, 4, 7 and 11. Data represent point estimates of the geometric mean ratios (test vs. Day 1) with 90% CIs. AUC, area under the plasma concentration-time curve; CI, confidence interval; C max , maximum concentration; MR, metabolite-to-drug ratio
Exploratory analysis of cytokine levels
Therapeutic serum concentrations of belatacept were achieved and were similar to concentrations previously observed in healthy subjects and in patients from previous belatacept clinical trials. An exploratory analysis of the impact of belatacept administration on cytokine levels showed that cytokine levels were below the LLOQ in the majority of study participants, an observation consistent with other studies. There were no significant changes following belatacept administration in the levels of tumour necrosis factor-α, IFN-γ, IL-2, IL-6 or IL-10. IFN-α showed a significant change from baseline to Day 4, with a mean decrease of 15% (P = 0.0178). However, this result was affected by two outlier values that were only present on Day 4 (Figure 2 ). Absolute levels of IFN-α remained within the normal range throughout the study period, and the observed change on Day 4 was not considered clinically meaningful. There were no clinically relevant correlations between the change in cytokine levels and the pharmacokinetics of the Inje cocktail drugs or their metabolites.
Physiologically based pharmacokinetic modelling of omeprazole
A physiologically based pharmacokinetic model of omeprazole accumulation that excluded the administration of belatacept (see Methods and Supplemental Material) indicated that the observed increase in omeprazole exposure was caused by omeprazole-mediated, time-dependent inhibition of its own CYP-mediated elimination. Using the same dosing regimen of omeprazole used in the present clinical study, the predicted accumulation after repeated doses of omeprazole 40 mg alone was consistent with the results obtained clinically. The model accurately predicted mean changes in AUC for omeprazole and 5-hydroxyomeprazole, as well as the metabolite-to-parent AUC ratio, with predicted values falling within the 90% CIs for the observed values ( Figure 3 ). The predicted AUC (μmol l -1 × h) of omeprazole relative to Day 1 was 1.14 on Day 4, 1.18 on Day 7, and 1.13 on Day 11; the corresponding observed values were 1.16, 1.23 and 1.22, respectively.
Safety
No deaths or serious adverse events occurred that were attributed to treatment during the study. Five of 22 subjects (23%) had a total of 15 adverse events which were mild (n = 9), moderate (n = 5) or severe (n = 1). This included one subject who discontinued the study due to severe, exercise-induced creatine phosphokinase elevation that was unrelated to treatment. The most common adverse event was headache (three subjects), with diarrhoea, anxiety and erythema each occurring in one subject. Diarrhoea was the only adverse event considered related to the study drug and was reported on each of the 4 treatment days. All adverse events resolved without sequelae during the study. Apart from the subject with creatine phosphokinase elevation, there were no clinically relevant laboratory results, vital signs or ECGs.
Discussion
The potential for drug interactions involving therapeutic proteins has gained attention as their clinical use has increased [7, 10, 11, 13, 14] . A cocktail probe approach, whereby substrates for multiple CYP enzymes are simultaneously administered, is a convenient way to assess the potential for CYP induction or inhibition. This study used the validated, orally administered Inje cocktail to assess the effect of belatacept on the pharmacokinetics of drugs metabolized by CYP1 A2 (caffeine), CYP2C9 (losartan), CYP2C19 (omeprazole), CYP2D6 (dextromethorphan) and CYP3 A4 (midazolam). Belatacept has been shown to inhibit the production of certain cytokines during an in vitro alloimmune response, and modulation of cytokine pathways responsible for regulating CYP expression is a common means by which therapeutic proteins may influence CYP activity [8] . As the half-life of belatacept in healthy individuals approaches 10 days (t 1/2 = 9.8) [4] , a single dose on Day 4 could potentially affect CYP-substrate pharmacokinetics up to Day 11. However, as belatacept had no effect on cytokine modulation in this study, no clinically relevant drug-drug interactions were identified. Furthermore, belatacept did not alter CYP450 activity either at high or intermediate concentrations. A 10 mg kg À1 dose of belatacept represents the loading dose for initiating therapy in transplant patients, for which they continue to receive this dose every 2 weeks for the first month and then monthly for 2 additional months following transplantation, after which patients step down to a lower dose of 5 mg kg À1 . As is permissible and ethical in a normal healthy volunteer population, the highest approved dose of 10 mg kg À1 was administered as a single dose to healthy subjects to be able to safely test higher exposures. While this study was not performed under multiple-dose conditions, the results from this single-dose evaluation suggest that as drug concentrations of Assessing the drug interaction potential of belatacept with CYP450 enzymes belatacept declined from peak through elimination, the pharmacokinetics of the probe substrates remained consistent. Exposure to omeprazole did increase slightly (16-30%) when administered with belatacept, but this occurred without alterations in the pharmacokinetics of its metabolite 5-hydroxyomeprazole. Given the favourable safety profile of omeprazole [15] , the observed increase in exposure is unlikely to increase adverse event risk. This increase is suggestive of weak in vivo CYP2C19 inhibition over the study period, which is unlikely to be related to belatacept administration, but rather to omeprazole-mediated, time-dependent inhibition of its own CYP-mediated elimination [16, 17] . In support of this, model simulations of omeprazole 40 mg administered orally on Days 1, 4, 7 and 11 and without belatacept predicted considerable accumulation of omeprazole. In a prior study of healthy volunteers, daily administration of omeprazole 40 mg resulted in accumulated exposures after 5 days (Day 5 to Day 1 AUC ratio of 2.4) [18] , despite its short half-life (t 1/2 = 0.5-1 h) relative to its 24-h dosing interval [19] . No accumulation has been observed with CYP2C19-poor metabolizers, indicating that this phenomenon is dependent on CYP2C19 activity [17] . More recent in vitro studies have established that omeprazole and its metabolites are CYP2C19 time-dependent inhibitors (also known as mechanism-based or metabolism-dependent inhibitors) [16, 20, 21] . Our exploratory pharmacokinetic model simulations support the idea that omeprazole is inhibiting its own elimination under multiple dosing independently of belatacept coadministration. Sufficient dose reductions (≤20 mg) or increasing dosing intervals (to ≥5 days) would be needed to avoid false-positive drug-drug interaction results due to autoinhibition.
Kidney transplant recipients, particularly the elderly, often take multiple medications under multidrug immunosuppressive regimens, as well as for the treatment of comorbidities, which leaves them at risk for drug interactions [5, [22] [23] [24] [25] . Most of the commonly used immunosuppressants are metabolized by CYP and are substrates for various transporters, which may lead to interactions with commonly prescribed drugs and other immunosuppressants [5, 26, 27] . Adverse events, including those resulting from the concurrent prescription of agents with potential drug interactions, are not uncommon among kidney transplant recipients, and an increased incidence of such events has been . Geometric mean data with 90% CIs are shown. AUC, area under the curve; AUC m /AUC p , metabolite-to-parent ratio; CI, confidence interval associated with a history of cardiovascular disease or diabetes [22] . This emphasizes the importance of understanding potential drug interactions in belatacept-treated patients.
Overall, the results presented herein suggest that belatacept has no clinically relevant drug interactions with the CYP substrates included in the Inje cocktail or their metabolites, despite an increase in omeprazole exposure. Furthermore, the results from this investigation reassure prescribing physicians that belatacept can be safely prescribed to renal transplant patients administered other CYP substrates, without the need for dosage adjustments [4] . Coadministration of belatacept with the Inje cocktail was safe and well tolerated, supporting the feasibility of this methodology for assessing the potential drug interactions of therapeutic proteins.
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